Quantifying the number of deleterious mutations per diploid human genome is of crucial concern to both evolutionary and medical geneticists [1] [2] [3] . Here we combine genome-wide polymorphism data from PCR-based exon resequencing, comparative genomic data across mammalian species, and protein structure predictions to estimate the number of functionally consequential singlenucleotide polymorphisms (SNPs) carried by each of 15 African American (AA) and 20 European American (EA) individuals. We find that AAs show significantly higher levels of nucleotide heterozygosity than do EAs for all categories of functional SNPs considered, including synonymous, non-synonymous, predicted 'benign', predicted 'possibly damaging' and predicted 'probably damaging' SNPs. This result is wholly consistent with previous work showing higher overall levels of nucleotide variation in African populations than in Europeans 4 . EA individuals, in contrast, have significantly more genotypes homozygous for the derived allele at synonymous and non-synonymous SNPs and for the damaging allele at 'probably damaging' SNPs than AAs do. For SNPs segregating only in one population or the other, the proportion of non-synonymous SNPs is significantly higher in the EA sample (55.4%) than in the AA sample (47.0%; P , 2.3 3 10
). Using extensive simulations, we show that this excess proportion of segregating damaging alleles in Europeans is probably a consequence of a bottleneck that Europeans experienced at about the time of the migration out of Africa.
Current estimates of the number of deleterious mutations per diploid human genome vary by several orders of magnitude. Using a correlation in inbreeding rates within consanguineous marriages and mortality, Morton et al. 5 estimated that each of us carries three to five lethal equivalents (that is, an allele or combination of alleles that if made homozygous would be lethal), whereas Kondrashov 6 has predicted that the number may be as high as 100 lethal equivalents. Comparative genomic methods indicate that about 38% of aminoacid-changing polymorphisms are deleterious, with 1.6 new deleterious mutations arising per individual per generation 7 , whereas studies based on segregating polymorphisms estimate that each person carries between 500 and 1,200 deleterious mutations 3, 8 . It is difficult to reconcile these estimates because each study used different methods and data. Furthermore, studies that used DNA sequences included data from only several hundred genes. Hence there is a crucial need for an unbiased genome-wide estimate of the number of damaging mutations carried by individuals in different populations.
We quantify the number of damaging mutations per diploid human genome by combining the Applera genome-wide survey of SNPs found by the resequencing of 20 EAs and 15 AAs 9 with comparative genomic data including the PanTro2 build of the chimpanzee genome and predictions from protein structures. After applying strict quality control criteria, the data set that we analysed contains 39,440 autosomal SNPs free of ascertainment bias, comprising 10,150 unique transcripts in the human genome (see Methods). Of these SNPs, 20,893 were synonymous (nucleotide changes that do not change the amino acid) and 18,547 were non-synonymous (nucleotide changes that change the amino acid).
At each SNP, an individual can be homozygous for the ancestral allele (carrying zero copies of the mutant allele), heterozygous (carrying one copy of the mutant allele) or homozygous for the derived allele (carrying two copies of the mutant allele). We find that an individual is heterozygous, on average, for 1,962.4 6 275.1 (mean 6 s.d.) non-synonymous SNPs (Fig. 1a and Supplementary Table 1 ). These numbers are an underestimate because only SNPs with high-quality sequence and a matching chimpanzee base are considered. Perhaps for these reasons, our estimate is slightly smaller than that by Cargill et al. 10 , even after adjusting their estimate to account for the current estimated number of genes in the genome. For both synonymous and non-synonymous SNPs, AA individuals are heterozygous at a greater number of SNPs than EA individuals are ( Fig. 1a ; P , 6.2 3 10 210 , Mann-Whitney U-test for synonymous SNPs; P , 6.2 3 10
210
, Mann-Whitney U-test for non-synonymous SNPs), which is consistent with previous studies finding higher levels of genetic variability in Africa 4 . For both types of SNP we find that EA individuals are homozygous for the derived allele at a greater number of SNPs than AA individuals are ( Fig. 1b ; P , 6.2 3 10 210 , MannWhitney U-test). These patterns are due largely to a greater number of SNPs fixed for the derived allele in the EA sample while segregating for two alleles in the AA sample, because when we count the number of homozygous derived genotypes per individual in the EA individuals considering only those SNPs that are polymorphic in EAs (that is, excluding SNPs that are fixed in EAs but polymorphic in AAs) and the number of homozygous derived genotypes per individual in the AA individuals considering only those SNPs polymorphic in AAs (for example excluding SNPs that are fixed in AAs and polymorphic in EAs), the EA individuals no longer have significantly more homozygous derived genotypes for both categories of SNP.
To estimate the number of damaging alleles carried by each individual in our sample, we used the PolyPhen algorithm 8, 11 to predictof SNPs predicted to be 'benign', 'possibly damaging' and 'probably damaging' for each population. We find that the three distributions are significantly different from each other, with more low-frequency SNPs in the 'probably damaging' category (Table 1 ; P , 5.9 3 10 281 for AA, P , 2.3 3 10 2101 for EA; Kruskal-Wallis test), suggesting that most SNPs classified as 'damaging' are also evolutionarily deleterious. Figure 1c , d shows the distribution of the number of SNPs per individual where individuals were heterozygous (Fig. 1c) and homozygous for the damaging allele (Fig. 1d) for SNPs predicted to be 'possibly damaging' and 'probably damaging'. We find that an individual typically carries 426.1 damaging (here defined as 'possibly damaging' or 'probably damaging') SNPs in the heterozygous state (s.d. 65.4, range 340-534) and 91.7 in the homozygous state (s.d. 8.6, range 77-113). Because we surveyed just over 10,000 genes, the actual number of damaging mutations in a person's genome may be as much as double that given here. Every individual in our sample is heterozygous at fewer 'probably damaging' SNPs than synonymous SNPs, which is consistent with the elimination of damaging SNPs from the population by purifying selection. AAs have significantly more heterozygous genotypes than EAs for all three PolyPhen categories ( Fig. 1c; P , 6.2 3 10 210 for 'possibly damaging' SNPs; P , 3.7 3 10 28 for 'probably damaging' SNPs). The two populations differ significantly in the distribution of homozygous genotypes for the damaging allele at 'probably damaging' SNPs ( Fig. 1d ; P , 2.7 3 10 26 ), with EAs having about 26% more homozygous damaging genotypes than AAs. The lack of a statistical difference at 'possibly damaging' SNPs (P 5 0.17) is probably due to a lack of power because, overall, all other categories of SNPs (synonymous, non-synonymous, 'benign' and 'probably damaging') follow the same pattern of excess homozygosity for the derived/damaging allele in EAs relative to AAs.
Classical analyses of human inbreeding indicate that each individual carries 1.44-5 lethal equivalents 5, 12 . However, inbreeding studies cannot determine whether a single lethal equivalent is due to one lethal allele, two alleles each with a 50% chance of lethality, ten alleles each with a 10% chance of lethality, or other combinations. Because we find that individuals carry hundreds of damaging alleles, it is likely that each lethal equivalent consists of many weakly deleterious alleles. Our finding that each person carries several hundred potentially damaging SNPs indicates that large-scale medical resequencing will be useful to find common and rare SNPs of medical consequence 2 . We next examined the distribution of synonymous and nonsynonymous SNPs between AA and EA population samples ( Table 1) . As expected 4 , there are more of both types of SNP in the AA sample than in the EA sample. However, when classifying synonymous and non-synonymous SNPs as being shared, private to AAs or private to EAs, we strongly reject homogeneity ( Table 2 , P , 3.0 3 10 288 ). We find the proportion of private SNPs that are non-synonymous (49.9%) to be higher than the proportion of shared SNPs that are non-synonymous (41.7%; P , 4.3 3 10
254
), which is not surprising because non-synonymous SNPs are more likely to be at a lower frequency and thus be population specific. However, considering only the private SNPs, we find that the EA sample has a higher proportion of non-synonymous SNPs (55.4%) than the AA sample (47.0%; P , 2.3 3 10
237
). We observed a similar significant proportional excess of private non-synonymous SNPs in an independent data set collected by the SeattleSNPs project (Supplementary Table 3 and Supplementary Notes). The SeattleSNPs data, additional quality control analyses (Supplementary Table 4 and Supplementary Notes), and a similar finding reported for the ANGPTL4 locus 13 indicate that this pattern is not an artefact of the Applera data. Our further analyses with Yoruban samples from Nigeria collected by the International HapMap Consortium 14 support this result, indicating that it is robust to admixture (Supplementary Notes).
We propose that the proportional excess of non-synonymous polymorphism in the EA sample could be due to the varying efficacy of purifying selection resulting from differences in demographic histories between the two populations. Our hypothesis has two testable predictions: first, if this proportional excess of non-synonymous polymorphisms in EAs is due to an excess of damaging alleles, we would also expect to find a proportional increase of 'probably damaging' SNPs as predicted by PolyPhen in the EA sample; and second, we should be able to recapitulate this pattern by using simulations with reasonable demographic parameters. When dividing (Tables 1 and 2 ). When considering only the private SNPs, we find a significantly higher proportion of 'probably damaging' SNPs in the EA sample relative to the AA sample (Tables 1  and 2 ; P , 3.3 3 10 211 ), supporting our hypothesis that the excess proportion of non-synonymous SNPs in the EA sample is due to a higher proportion of damaging SNPs.
To assess whether these observations are consistent with plausible demographic histories of the two populations, we developed a largescale forward simulation program that included non-stationary demography and a negative log-normal distribution of selective effects for deleterious mutations. Our program used demographic parameters estimated from the data and the literature 15 for each population (Supplementary Table 2 ). For example, for the simulations in Fig. 2a, b we used a population expansion model for the AAs and a bottleneck model for the EAs (Supplementary Fig. 1 ). We sampled from these simulated populations and found that the proportion of non-synonymous SNPs is greater in the bottlenecked population than in a population that has expanded (Fig. 2a , Supplementary Table 2 and Supplementary Fig. 2a) . Furthermore, as shown in Fig. 2a , the simulated proportions agree with the observed proportions for the Applera data set (here the proportion includes all SNPs, not just private ones). For all demographic models considered, we observed a higher proportion of non-synonymous SNPs in the population that underwent a bottleneck than in a population of constant size or in one that has expanded; however, the degree to which these other models fit the observed data is variable (Supplementary Table 2 and Supplementary Fig. 2a ). For all models tested, we find that a higher proportion of SNPs in the simulated EA sample are weakly or strongly deleterious (20.001 , s , 20.5) than in the simulated AA sample (Fig. 2b, Supplementary Table 2 and Supplementary   Fig. 2b ), which supports our hypothesis that a higher proportion of deleterious alleles have accumulated in the bottlenecked population. Our analysis illustrates that plausible models of human demography and purifying selection are sufficient to account for the observed increase in the proportion of non-synonymous SNPs in the EA sample relative to the AA sample.
To determine how the bottleneck contributed to the increased proportion of non-synonymous SNPs in the EA sample, we recorded the number of SNPs at different time points throughout our forward simulations (see Methods). Figure 2c -e shows how the number of synonymous SNPs and non-synonymous SNPs and the proportion of non-synonymous SNPs change over time for the EA and AA models described above as well as for a second bottleneck model having a shorter, but more severe, reduction in population size. At the start of the bottleneck, the proportion of non-synonymous SNPs drops below the pre-bottleneck value (because of the preferential loss of low-frequency non-synonymous SNPs). Then the proportion increases during the bottleneck as a result of the accumulation of slightly deleterious SNPs that behave almost neutrally in the small population but are eliminated efficiently from larger populations 16 . Once the population expands, the proportion of non-synonymous SNPs increases markedly because the increase in population size results in many more mutations (most of which are nonsynonymous, because of the genetic code) entering the population (Fig. 2c, d ). Because growth was recent, purifying selection has not had sufficient time to decrease the proportion of non-synonymous SNPs to the equilibrium value for the larger population. A related effect has been noted in spatial expansion models, in which deleterious mutations can 'surf' to high frequency on the edge of the expansion 17 . Our simulations for African demography suggest that once the African population expanded, the proportion of non-synonymous SNPs also increased initially. However, because the African expansion occurred farther back in time than the most recent European expansion, the proportion of non-synonymous SNPs has had more time to decrease closer to the equilibrium value in the AA sample. At the present time, the absolute numbers of SNPs are higher in the non-bottleneck model (AA 2) than in the bottleneck models (EA 1 and EA 6). The bottleneck dynamics were robust to the distribution of selective effects used in our simulations (Supplementary Fig. 3 ). Thus, both the PolyPhen analysis and the forward simulations suggest that, given the lower levels of genetic diversity found in Europeans than in Africans, the former have a higher proportion of deleterious alleles, which can be explained by the 'out of Africa' bottleneck and subsequent expansion that outbred European populations endured. This result is important for two reasons. First, whereas previous work has highlighted examples of Europeanspecific positive selection 14, [18] [19] [20] [21] , the importance of adaptations for the evolution of European populations needs to be tempered by our finding that negative selection is less effective at removing slightly deleterious alleles from European populations. Second, the idea that bottlenecks and founder effects could lead to an increase in damaging alleles in human populations was historically reserved for isolated populations that experienced severe founder effects (for example Ashkenazi Jews 22 and Finns 23 ). Our work suggests that the interaction of demographic processes and purifying selection can have an important impact on the distribution of deleterious variation, even in populations that did not undergo a severe founder effect.
METHODS SUMMARY
We used an improved bioinformatics pipeline to analyse SNPs, described in ref. 9 . We mapped the SNPs to the RefSeq v18 gene model to determine whether they were synonymous or non-synonymous. Ancestral and derived states for each SNP were determined with the syntenic net alignments between hg18 and panTro2 (refs 24, 25) . When counting the number of genotypes per individual, we added a correction for misidentification of the ancestral allele 26 . SNPs were dropped from the analysis if they failed to meet our bioinformatics quality controls, but we did not filter SNPs on the basis of frequency.
To predict whether a non-synonymous SNP will damage protein function, we used an updated version of PolyPhen that has false-positive and false-negative rates below about 15% (Supplementary Methods). When counting the number of damaging genotypes per individual, we used the subset of SNPs in which the predicted damaging allele was the derived allele.
An additional four AA individuals were sequenced, but we did not include them (or SNPs private to them) in further analyses because we determined that they had substantially more European admixture than the other AAs (Supplementary Methods, Supplementary Table 5 and Supplementary Fig. 4 ). If our estimates of admixture are not perfect, this should not drastically affect the comparisons of different classes of SNPs, making our analysis robust to this problem (Supplementary Notes). The Coriell sample numbers for the individuals used in our study are given in Supplementary Table 1 .
To test whether the higher proportion of non-synonymous SNPs in EAs than in AAs could be due to the different demographic histories of the two populations, we used forward simulations that allowed us to model demography and purifying selection. We considered a range of demographic models for both populations (Supplementary Table 2 ) and a distribution of selective effects for non-synonymous SNPs.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Bioinformatic pipeline. SNPs were mapped onto RefSeq v18 gene model in a two step process. First we aligned the Celera gene models to hg18 by using Blat v33. 2 (ref. 27) , filtering out any hits that had less than 98.5% sequence identity or less than 90% coverage. We then aligned RefSeq v18 CDS sequences 28 to hg18 by using the same filtering conditions. Having coordinates of both our SNPs and RefSeq gene models relative to the assembly, we converted our SNP positions onto the RefSeq CDS position to determine the reading frame. If a SNP mapped to multiple RefSeqs, we chose the longest transcript for analysis. Any sequences in RefSeq that were not covered by PCR amplicons were excluded from analysis. SNPs that mapped to multiple RefSeqs that were out-of-frame were discarded. SNPs were polarized by the chimpanzee genome by using the syntenic net alignments between hg18 and panTro2 (refs 24, 25) . SNPs were dropped from the analysis if they aligned to a non-syntenic region in panTro2, neither human allele matched the panTro2 allele, fewer than nine individuals in either population had successfully called genotypes, or if we detected a departure from HardyWeinberg equilibrium (defined as P , 0.01) with the exact test of Wigginton et al. 29 . SNPs mapping to multiple transcripts were counted only once. We used all SNPs passing bioinformatics quality controls, without filtering for frequency. Certain analyses were also performed excluding singletons and are described in Supplementary Notes. Correction for ancestral misidentification. Misidentifying the ancestral state of a SNP can lead to miscalculating the proportion of homozygous derived SNPs carried by each individual. We accounted for the probability of ancestral misidentification by adapting the method of ref. 26 to model the number of homozygous SNPs carried by each individual. In this model, the number of homozygous SNPs carried by each individual is considered to be a mixture of sites whose ancestral states were correctly identified by using the chimpanzee outgroup and those that were not (two unknown quantities). The corrected number of homozygous derived mutations carried by each individual can then be reconstituted by solving for this unknown quantity as a function of the mixture proportions and observed data. Here, the mixture proportions account for the divergence time between human and chimpanzee by using a contextdependent mutation model inferred along the human lineage 30 . PolyPhen analysis. We predicted the functional consequences of SNPs using a newer version of PolyPhen that differs slightly from that described in refs 8, 11. For SNPs mapping to multiple transcripts, we ran PolyPhen on the SNP in each transcript. If a SNP had different PolyPhen predictions in different transcripts, it was excluded from any further PolyPhen analyses; 340 SNPs had multiple PolyPhen predictions and 56 did not have a prediction. For our data, PolyPhen used 18.2 6 28.0 (mean 6 s.d.) sequences across covered SNPs. SNPs used for analyses, along with their frequencies and PolyPhen predictions, are available in Supplementary Information. For about 77.5% of the 'benign' SNPs, 98.2% of the 'possibly damaging' SNPs and 98.8% of the 'probably damaging' SNPs, the damaging allele (the allele with the lower PSIC (positionspecific independent count) score) is the derived allele, indicating that PolyPhen has a greater ability to distinguish which allele is damaging for 'probably damaging' SNPs than for 'benign' or 'possibly damaging' SNPs. As explained in Supplementary Methods, PolyPhen classified 85.5% of 3,604 disease mutations annotated in the UniProt database as either 'probably damaging' or 'possibly damaging', while predicting 86.1% of 12,237 amino acid differences between humans and another mammalian orthologue as 'benign'. These results suggest that the false positive and false negative rates of the algorithm are each below about 15%. Counting the number of genotypes per individual. To determine whether AA individuals were heterozygous at more SNPs than EA individuals were, we used a two-sided Mann-Whitney U-test to compare the distribution of the number of heterozygous genotypes per individual in AA individuals with the distribution of the number of heterozygous genotypes per individual in the EA individuals. This comparison was done separately for synonymous, non-synonymous, 'benign', 'possibly damaging' and 'probably damaging' SNPs. A similar test was used to test whether EA individuals were homozygous for the derived allele at a greater number of SNPs than AA individuals. When counting the number of SNPs per individual, we wanted to ensure that our counts were not biased because some samples had more complete sequencing than others. We divided the number of genotypes in an individual of each particular category (for example the number of heterozygous genotypes for synonymous sites in a particular individual) by the total number of genotypes in that category (for example the total number of genotypes at synonymous sites) in the individual. We then tested whether the distribution of these proportions was different between the AA and EA samples. In all cases we observed the same pattern as that shown in Fig. 1 (data not shown), indicating that this result was not due to inconsistent sequencing of different individuals. Forward simulations. A detailed description of the methods used for forward simulations is given in Supplementary Methods. In brief, we wanted to test whether the observation of a higher proportion of non-synonymous SNPs in EAs than in AAs could have been due to the different demographic histories of the two populations. We simulated one population forwards in time with a demographic history consistent with that of Africans and another population forwards in time with demographic history consistent with that of Western Europe. We considered a variety of plausible demographic models for each population 15 and simulated the African and European populations independently of each other. In addition to simulating populations in which all SNPs were neutral, we also independently simulated a second set of populations for each set of demographic parameters in which the selection coefficients were from a distribution of selective effects (Supplementary Methods) to mimic nonsynonymous sites. At the end of the simulation, we sampled 15 individuals from the population that expanded and 20 individuals from the population that underwent a bottleneck. We examined whether one population had a higher proportion of damaging (non-synonymous) SNPs and whether segregating SNPs in one population had a different distribution of selection coefficients than SNPs segregating in the other population.
